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Blue-Light Irradiation Regulates Proliferation and
Differentiation in Human Skin Cells
Joerg Liebmann1, Matthias Born2 and Victoria Kolb-Bachofen1
Sunlight influences the physiology of the human skin in beneficial as well as harmful ways, as has been shown for
UV light. However, little is known about the effects of other wavelengths of solar irradiation. In this study we
irradiated human keratinocytes and skin-derived endothelial cells with light-emitting-diode devices of distinct
wavelengths to study the effects on cell physiology. We found that light at wavelengths of 632–940nm has no effect,
but irradiation with blue light at 412–426nm exerts toxic effects at high fluences. Light at 453nm is nontoxic up to a
fluence of 500 J/cm2. At nontoxic fluences, blue light reduces proliferation dose dependently by up to 50%, which is
attributable to differentiation induction as shown by an increase of differentiation markers. Experiments with BSA
demonstrate that blue-light irradiation up to 453nm photolytically generates nitric oxide (NO) from nitrosated
proteins, which is known to initiate differentiation in skin cells. Our data provide evidence for a molecular
mechanism by which blue light may be effective in treating hyperproliferative skin conditions by reducing
proliferation due to the induction of differentiation. We observed a photolytic release of NO from nitrosated
proteins, indicating that they are light acceptors and signal transducers up to a wavelength of 453nm.
Journal of Investigative Dermatology (2010) 130, 259–269; doi:10.1038/jid.2009.194; published online 13 August 2009
INTRODUCTION
The human skin provides an outer barrier against environ-
mental influences, and its proper functioning is essential
to keeping the body healthy. The characteristics of intact
skin include regulated proliferation and differentiation of skin
cells to maintain homeostasis. Sunlight, which reaches and
penetrates our skin daily, influences the physiology of the
human skin in beneficial as well as harmful ways, as has been
extensively shown for UV light (Holick et al., 1980; Brash
et al., 1996; Leffell and Brash, 1996; Suschek et al., 2003).
Little is known, however, about the effects of other
wavelengths present in solar irradiation. Despite this lack of
information, in recent years various forms of phototherapy
have emerged in which hyperproliferative skin diseases such
as psoriasis, acne, keratosis, and skin cancer are treated with
a broad range of wavelengths (380–440 nm)—often with a
substantial proportion of UV light, which is known to be
involved in cancer formation via damage to cellular DNA
with subsequent mutations (Kappes et al., 2006; Runger and
Kappes, 2008). This makes it a hazardous tool to treat skin
diseases associated with an increased risk of tumor formation.
Therefore, it is important to define distinct wavelengths and
energy densities that exert biological effects without harmful
side effects. Research in this field has been advanced by the
use of coherent light sources (low-power-laser therapy) and
noncoherent light (light-emitting diodes, LEDs) with a very
small bandwidth so that biological effects can be allocated to
defined wavelengths. Although the effects of irradiation with
these devices on cellular processes have been controversial,
the biological relevance is undisputed.
To induce biological activity, light must be absorbed by
certain molecules (photoacceptors), transforming them to an
excited state; the molecules then affect secondary targets
inside the cell, transducing the light signal into a molecular
response (Karu, 1987, 1989). In the visible-to-near-infrared
spectral range, one such acceptor is cytochrome c oxidase
(Karu and Afanas’eva, 1995). In the blue range of wavelength,
porphyrin-containing enzymes and flavoproteins are thought
to be photoacceptors linking the mitochondrial respiratory
chain to photostimulation (Hockberger et al., 1999; Massey,
2000; Ohara et al., 2003; Lewis et al., 2005). In addition,
it has been shown that UVA light is capable of releasing
bioactive nitric oxide (NO) from nitrite and nitrosated
proteins found in high concentrations in the human skin,
which makes these classes of molecules photoacceptors as
well (Suschek et al., 2003, 2006; Paunel et al., 2005).
We used a panel of LEDs with distinct wavelengths
ranging from near-UV to infrared (412–940 nm) in order to
define wavelength-specific biological effects on cultured
human skin cells. We found that irradiation with wavelengths
between 630 and 940nm has no effect on cell viability and
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proliferation. Furthermore, irradiation with wavelengths of
412, 419, and 426nm at high fluences (66–100 J/cm2) and
453nm wavelength at very high fluences (4500 J/cm2) is
cytotoxic for skin-derived endothelial cells as well as
keratinocytes. Irradiation with nontoxic fluences significantly
and dose dependently reduces proliferation in both endothe-
lial cells and keratinocytes. This reduction in proliferation
was found to be due to an initiation of differentiation, as
proven by the measured expressional increase of the
respective markers in keratinocytes. Using bovine serum
albumin (BSA) as a model protein, we show here that blue
light up to a wavelength of 453 nm is capable of releasing
NO from nitrosated proteins, but not from nitrite, and that
NO can initiate differentiation in human keratinocytes.
RESULTS
LED irradiation with 632, 648, 850, and 940nm has no effect
on proliferation
On the basis of reports from other groups (Karu, 1990;
Hu et al., 2007) demonstrating that irradiation with red and
infrared laser light causes changes in proliferation of cultured
cells, we tested LED arrays with 632, 648, 850, and 940nm
wavelengths on cell proliferation of skin-derived human
endothelial cells (HMEC-1) (Figure 1a) and primary human
keratinocytes (Figure 1b). Cells were irradiated every
24 hours on 3 successive days, and cell numbers were
determined on day 4 using Alamar blue staining. Irradiation
with any of these wavelengths, of either endothelial cells or
keratinocytes, resulted in no significant change in cell numbers
relative to the nonirradiated control with the fluences used
here. Even the highest doses used (3 100 J/cm2) had no
effect on cell viability or proliferation rates.
LED irradiation with 412–426nm at high fluences is toxic for
endothelial cells and keratinocytes
To evaluate the effects of irradiation with light of 412, 419,
and 426nm wavelength on endothelial cells and primary
human keratinocytes, cells were irradiated every 24 hours
on 3 successive days, and the number of living cells was
determined using Alamar blue staining on day 4, 24 hours
after the last irradiation (Figure 2). The relative numbers of
viable endothelial cells (Figure 2a) and keratinocytes (Figure 2b)
were significantly reduced in cultures treated with 412, 419,
or 426nm relative to the nonirradiated control. This reduction
was dependent on dosage and wavelength. Treatment with
412 nm wavelength resulted in an 80±0.6% reduction of
endothelial cell numbers with 333 J/cm2 and total loss of
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Figure 1. Irradiation with red and infrared light does not influence cell
numbers. Irradiation of endothelial cells (a) and keratinocytes (b) with
light-emitting-diode arrays emitting wavelengths of 632, 648, 850, and
940nm. Cells were irradiated exactly as in Figure 2, and the relative number
of cells was determined 24hours after the last irradiation. Neither red
(632–648 nm) nor infrared (850–940 nm) irradiation caused significant
changes in cell numbers. Bars indicate±SD obtained from two independent
cell culture experiments (n¼2).
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Figure 2. Irradiation with blue light reduces cell numbers. Endothelial cells
(a) and keratinocytes (b) were irradiated with light-emitting-diode arrays
emitting light at 412, 419, and 426 nm three times on 3 successive days.
The relative number of cells was assessed on day 4, 24 hours after the last
irradiation. Treatment with all these wavelengths resulted in a significant
reduction of cell numbers, and the effect was dosage-, wavelength-, and
cell-type-dependent. Irradiation with 412 nm exerted the largest effect in both
cell lines, and the reduction in endothelial cells (a) was always greater than in
keratinocytes (b). Bars indicate±SD obtained from four independent cell
culture experiments (n¼4). (**Po0.001 by ANOVA.)
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viability at 3100 J/cm2. Irradiation at wavelengths of 419
and 426nm also reduced the number of viable cells but less
potently than after irradiation with 412 nm wavelength. This
effect was also cell-type dependent, because keratinocytes
were found to be more resistant to treatment with these
wavelengths. In this study, the reduction in cell numbers at
412 nm wavelength and 333 J/cm2 was 34±4% only as
compared with 80% for endothelial cells. Irradiation with
419 nm wavelength reduced the cell numbers by 23±10%
at 33 J/cm2, and treatment at 426 nm wavelength with
33 J/cm2 did not significantly reduce the numbers of living
cells. The observed reduction in cell numbers was due to
cell death in both endothelial cells (Figure 3a) and
keratinocytes (Figure 3b) at high fluences as shown by
Hoechst staining and microscopical analysis. Apoptotic
events were counted and the percentage of apoptosis was
calculated for endothelial cells (Figure 3c) and keratino-
cytes (Figure 3d).
LED irradiation with 453 nm is not toxic at high fluences but
reduces proliferation dose dependently
We next used an LED array emitting light at a wavelength of
453 nm. Treatments and measurements were performed
exactly as with the other LEDs. Again, we found that
irradiation with 366 J/cm2 and 3100 J/cm2 of endothelial
cells (Figure 4a) and keratinocytes (Figure 4b) led to a
significant decrease in relative cell numbers when compared
with the nonirradiated control. This reduction in cell numbers
was much more prominent in endothelial cells, in which
3100 J/cm2 reduced the cell numbers to 40±8%. With
keratinocytes, a reduction to 57±12% was observed after
irradiation with the same dosage, again showing a cell-type-
dependent effect. However, here the reduction in cell
numbers was not due to cell death, as assessed by Hoechst
staining. No sign of ongoing apoptosis, in either endothelial
cells (Figure 4e) or keratinocytes (Figure 4f), was observed
with the fluences used here. Only when using irradiation
with much higher fluences did we find cytotoxicity, begin-
ning at 750 J/cm2 for keratinocytes (12±5% apoptosis, data
not shown) and 500 J/cm2 for endothelial cells (15±4%
apoptosis, data not shown). To compare effects of wave-
lengths of 412, 419, 426, and 453nm, we additionally
performed western blot analysis using poly(ADP-ribose)poly-
merase (PARP) cleavage as a marker for apoptotic cell death
(Kaufmann et al., 1993) in endothelial cells (Figure 5). No
PARP cleavage above control levels was observed in the
samples treated with 453 nm wavelength, in contrast to
irradiation with 412, 419, and 426nm wavelength (100 J/cm2).
Similar results were obtained with primary keratinocytes
(data not shown).
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Figure 3. Blue-light irradiation up to 426 nm wavelength at high fluences is toxic to endothelial cells and keratinocytes. Hoechst staining of (a) endothelial
cells and (b) keratinocytes after irradiation with 2 100 J/cm2 and the indicated wavelengths. Although the nonirradiated control cells appear healthy, cells
irradiated with wavelengths of 412, 419, and 426 nm show nuclei with condensed chromatin as a marker for apoptosis (black arrowheads). Micrographs were
inverted for better visualization of nuclei with condensed chromatin. (c,d) Statistical analysis of apoptotic events in (c) endothelial cells and (d) keratinocytes.
(n¼2). Bar¼ 50mm. (*Po0.05; **Po0.001 by ANOVA)
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Because the method used to assess the cell numbers is
based on a reduction of Alamar blue by metabolic
intermediates and thus depends on the energy state of the
cell, we investigated whether irradiation with 453 nm
wavelength reduces the energy metabolism of the cells,
thereby mimicking a reduction of proliferation. We therefore
measured the adenosine triphosphate (ATP) content of the
irradiated endothelial cells and keratinocytes. As shown in
Figure 4(c and d), no reduction in ATP was seen after
irradiation of the cells. In contrast, irradiation with 3 100 J/
cm2 significantly elevated ATP levels when compared with
the nonirradiated control in endothelial cells (Figure 4c) and
keratinocytes (Figure 4d).
Blue light up to 453 nm induces differentiation of primary
keratinocytes
Because neither apoptosis nor depletion of cellular ATP was
seen after irradiation with 453 nm wavelength, we next asked
whether the observed reduction in cell numbers may be
due to the onset of differentiation. To test this hypothesis,
we performed real-time PCR analysis using the keratinocyte
differentiation marker involucrin, which is known to be
increasingly expressed in differentiating keratinocytes (Rice
and Green, 1977, 1979; Watt and Green, 1981). Indeed,
the irradiation of primary keratinocytes with 366 J/cm2 or
3100 J/cm2 significantly increased mRNA levels of involu-
crin by up to threefold relative to the 333 J/cm2 and the
nonirradiated control (Figure 6a). This is consistent with the
observed reduction in cell numbers, which begins to be
significant at a dosage of 366 J/cm2 (see Figure 4b). To
further validate that the observed effect is due to differentia-
tion induction, we performed real-time PCR analysis using
keratin-1 as an additional differentiation marker. After
irradiation with 3 100 J/cm2, m-RNA levels of keratin-1
were 5.5 times higher relative to the respective controls.
To determine whether this differentiation induction also
occurs with the shorter wavelengths (419 and 426nm), we
additionally analyzed the expression of involucrin, keratin-1,
and keratin 10 after irradiation with these wavelengths.
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Figure 4. Irradiation with 453 nm reduces cell numbers without causing
cell death up to 100 J/cm2. Irradiation with light-emitting-diode arrays
emitting 453 nm wavelength reduces cell proliferation dose dependently in
(a) endothelial cells and (b) keratinocytes. Decreases in proliferation are not
due to loss of cellular energy, because ATP levels are significantly elevated
after irradiation with 3 100 J/cm2 of (c) endothelial cells or (d) keratinocytes.
Bars indicate±SD obtained from four independent cell culture experiments
(n¼4). (*Po0.05; **Po0.001 by ANOVA.) (e,f) Blue-light irradiation with
453 nm wavelength is not toxic to endothelial cells and primary keratinocytes.
Hoechst staining of (e) endothelial cells and (f) primary keratinocytes after
irradiation with 3 100 J/cm2 at 453 nm wavelength. Irradiation does not
result in cell death. Micrographs were inverted for better visualization of
nuclei with condensed chromatin. Bar¼50 mm.
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Figure 5. Irradiation with wavelengths of 412 to 426 nm, but not 453 nm,
is cytotoxic for endothelial cells. (a) Western blot analysis of poly(ADP-
ribose)polymerase (PARP) cleavage in endothelial cells shows a wavelength-
dependent induction of PARP cleavage. Owing to the high toxicity of the
412-nm-wavelength light-emitting diodes, cells were irradiated twice with
100 J/cm2 of 412, 419, and 426 nm wavelength and processed for western
blot analysis 24 hours later. Irradiation with 453 nm wavelength was carried
out three times as in Figure 1 and subjected to western blot analysis.
Treatment with H2O2 (100mM) for 24 hours served as a positive control (þ ).
(b) Densitometric analysis of band fluences normalized against the loading
control b-actin relative to the nonirradiated control (C). Bars indicate±SD
obtained from two independent cell culture experiments (n¼ 2).
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Because of the observed toxic effects with high fluences, we
performed these irradiations with lower fluences down to
5 J/cm2 (Figure 6b,). We found no significant upregulation of
involucrin with cells treated at either 419 nm (Figure 6c) or
426 nm (Figure 6b), but we observed a significant increase in
the differentiation markers keratin-1 and -10 with the lowest
fluences used at 5 J/cm2. Interestingly, fluences at and above
15 J/cm2 failed to induce a significant upregulation of the
respective differentiation markers. Only irradiation with 453nm
resulted in a highly significant upregulation of involucrin.
Owing to the lack of a well-established differentiation marker
for endothelial cells, this analysis could not be performed
with the endothelial cells used here.
Blue light does not induce pro-inflammatory IL-8 release
Because it has been shown that UVA light induces the
expression of pro-inflammatory cytokines in various cell
types, we tested for the release of IL-8 after irradiation with
the wavelengths of 412, 426, or 453 nm by human skin cells
(Figure 7). As a positive control, endothelial cells and
keratinocytes were treated for 24hours with 250 or 500U/ml,
respectively, of tumor necrosis factor-a, INF-g, and IL-1b
each. Endothelial cells treated with the cytokine mix released
93±2 times more IL-8 than did the resident control cells
(Figure 7a). UVA (15 J/cm2), as an additional positive control,
induced a less dramatic release of IL-8, leading to a 4.3±0.5-
fold increase. None of the other wavelengths used showed
any significant change in IL-8 release in endothelial cells
(Figure 7a). Keratinocytes incubated with the cytokine mix
showed a clearly smaller capacity to release IL-8 (Figure 7b).
Here, IL-8 release was increased 4.8±0.2-fold. Interestingly,
UVA irradiation led to a small but not significant reduction
in IL-8 release below the background level relative to the
resident control cells. Treatment with wavelengths of 412,
426, or 453 nm resulted in no significant changes in IL-8
release relative to the nonirradiated control cells.
Blue light up to 453 nm is toxic for T cells
In many skin diseases, such as psoriasis, infiltration of
immune cells into the basal layers of the skin significantly
contributes to the disease process. Elimination of these cells is
essential for successive therapy because these immunocytes
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Figure 6. Blue-light irradiation induces differentiation in keratinocytes. Real-time PCR analysis of the keratinocyte differentiation markers involucrin (IVL),
keratin-1 (K1), and keratin-10 (K10). Cells were irradiated as in Figure 1, using the light-emitting-diode array emitting light at wavelengths of (a) 453, (b) 426, and
(c) 419 nm, and RNA was extracted 24 hours after the last treatment. Irradiation led to a dose-dependent increase in IVL, keratin-1, and keratin-10 mRNA levels
relative to the unirradiated control. (a) Increases are statistically significant at the two highest doses used. (b,c) Increases are statistically significant only at small
fluences and do not change or are reduced with higher fluences (415 J/cm2). Bars indicate±SD obtained from three independent cell culture experiments
(n¼3). (*Po0.05 by ANOVA.)
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produce high levels of inflammatory mediators, contributing
to the severity of symptoms. We therefore also tested the
453 nm LED array on Jurkat cells representing a transformed
human T-cell line as a model for actively proliferating
T lymphocytes. Cell viability and apoptosis were assessed
using the Hoechst staining method. Cells were counted to
determine the extent of apoptosis as a percentage (Figure 8).
Irradiation with 453 nm wavelength caused significant
apoptosis in Jurkat cells (Figure 8a). After irradiation with
66 J/cm2, 28.5±6% of T cells were apoptotic, and at 100 J/cm2,
51±9% of the lymphocytes were apoptotic (Figure 8b).
Interestingly, these fluences were absolutely nontoxic for the
other skin cell types tested.
Sodium azide reverses the effect seen with blue light
Given that blue-light irradiation has been implicated in
radical formation, we also used radical scavengers to
ascertain whether the effects seen here are based on the
generation of radical species. We irradiated endothelial
cells (Figure 9a) as well as keratinocytes (Figure 9b) in the
presence of either 1mM vitamin C, for scavenging super-
oxide and hydroxyl radical species, or 1mM sodium azide
(NaN3), a singlet oxygen scavenger. Cells were incubated
20minutes before irradiation with the scavengers at the
indicated concentrations. Again, the relative numbers of
living cells were measured after three times of irradiation on
day 4 using the Alamar blue assay. Vitamin C did not
significantly alter the reduction in cell numbers induced by
the irradiation (Figure 9). In contrast, the presence of NaN3
significantly reversed the observed effect in endothelial
cells (Figure 9a) and slightly, but not significantly, in
keratinocytes when irradiated with 3100 J/cm2 (Figure 9b).
This result indicates that the observed differentiation
induction may be at least in part mediated by singlet
oxygen generation during irradiation with blue light of
453 nm wavelength.
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Figure 7. Blue-light irradiation does not induce inflammation. Irradiation with
blue light does not induce cytokine release either in endothelial cells (a) or in
keratinocytes (b). Cells were treated with different irradiation doses at the
wavelengths indicated (UVA¼ 30 J/cm2, 412nm¼ 33 J/cm2, 426nm¼66 J/cm2,
and 453 nm¼ 100 J/cm2). A cytokine mix (Cyto: tumor necrosis factor-a,
IL-1b, IFN-g; endothelial cells 250U/ml each, keratinocytes 500U/ml each)
served as a positive control. Supernatants were collected 24 hours after
treatment. Basal levels of IL-8 release were 231±34 pg/ml for endothelial
cells and 176±6pg/ml for keratinocytes. Bars indicate±SD obtained from
two independent cell culture experiments (n¼2). (**Po0.001 by ANOVA.)
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Figure 8. Irradiation with 453 nm wavelength is toxic for T cells. Jurkat cells
were irradiated once with 453 nm wavelength and the indicated fluences.
Apoptosis was assessed 24 hours later by Hoechst staining. (a–d) Micrographs
of cells treated with 0 J/cm2 (a) and 33 J/cm2 (b) show no sign of apoptosis.
Subsequent to irradiation with 66 J/cm2 (c) and 100 J/cm2 (d), nuclei show
condensed chromatin indicating apoptosis (black arrowheads). Micrographs
were inverted for better visualization of nuclei with condensed chromatin.
(e) Percentage of apoptosis was determined by dividing the number of
apoptotic cells by that of healthy nuclei. Bars indicate±SD obtained from two
independent cell culture experiments (n¼2). (*Po0.05; **Po0.001 by
ANOVA.) Bar¼50 mm.
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Blue light induces NO release from nitrosated proteins
It has been shown that UVA light induces nonenzymatic
release of NO from nitrite and nitrosothiols (Paunel et al.,
2005), and NO is known to induce differentiation in skin
cells. Although this nonenzymatic release of NO is described
for UVA only, identification of other wavelengths that
mediate NO release from nitrosated proteins remains elusive;
they may reach into the blue spectrum of light. To measure a
possible light-induced change of protein nitrosation, we used
commercially available BSA as a model protein. A freshly
prepared PBS-BSA solution (2%) was irradiated with the
wavelengths indicated in the presence or absence of nitrite
(50–100 mM), and protein nitrosation was immediately
measured using the chemiluminescence detection method
(Figure 10). UVA irradiation (50 J/cm2) served as a positive
control. Untreated samples were kept in the dark during the
experiment but were otherwise treated identically. We
found that commercially available BSA is per se nitrosated up
to 10nM/mg (Figure 10). As expected, irradiation with UVA
light reduced nitrosation significantly below the detection
limit of 1 nM/mg BSA (Figure 10a). In contrast, the presence
of nitrite during UVA irradiation led to a significant increase
of nitrosation of up to 80 nM/mg BSA, depending on the
amount of nitrite present (Figure 10a). Surprisingly, irradia-
tion with 453 nm wavelength also reduced nitrosation
significantly, proving that this wavelength is capable of
nonenzymatic liberation of NO from nitrosated BSA (Figure
10b). The addition of nitrite had no effect when compared
with the nitrite-treated nonirradiated control (Figure 10b).
Irradiation of BSA with 648 nm wavelength had no
significant effect on protein nitrosation (Figure 10c).
DISCUSSION
Light therapy is used for treatment of a wide range of diseases,
particularly for hyperproliferative skin conditions such as
psoriasis, acne, and keratosis. The pathogenesis of these skin
conditions is often mediated, at least in part, by an
immunological response via skin-infiltrating T cells that
produce great quantities of cytokines and chemokines,
contributing to the severity of the disease by enhancing
proliferation activity of keratinocytes (Davidson and
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independent cell culture experiments (n¼3). (*Po0.05 by ANOVA.)
NS¼not significant.
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Figure 10. Irradiation with 453 nm wavelength nonenzymatically generates
nitric oxide (NO) release from nitrosated proteins. A solution of 2% BSA in
PBS was irradiated with the fluences and wavelengths indicated. Nitrosation
is shown as nM RX-NO (RS- and RN-NO) per mg BSA. (a) Although 453nm
significantly reduces nitrosation, the presence of nitrite did not induce
nitrosation as seen with UVA. (b) UVA irradiation served as a positive control,
completely denitrosating BSA at 50 J/cm2. In the presence of nitrite, a dose-
dependent increase in nitrosation was significant. (c) Irradiation with light at
648 nm wavelength had no significant (NS) effect on protein nitrosation. Bars
indicate±SD obtained from three independent cell culture experiments
(n¼3). (*Po0.05; **Po0.001 by ANOVA.)
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Diamond, 2001). Usually UVB or UVA light is used alone or
in combination with substances that can be activated by
these wavelengths (PUVA) (Krutmann, 1997; Bethea et al.,
1999) to treat these skin diseases. However, UVB and UVA
light is involved in cancer formation (Leffell and Brash, 1996).
Recent years have seen increasing use of light therapy
using blue light, often with a broad range of wavelengths
and containing a considerable proportion of UVA light
(380–400 nm). In addition, many blue light–emitting lamps
that have emission maxima at wavelengths of 400–440 nm
are readily available, marketed with claims that they enhance
wellness. We conducted a comprehensive study using LED
arrays to evaluate the effects on skin cells of distinct
wavelengths ranging from 412nm to 940nm. We show here
that blue light up to 453 nm reduces proliferation by inducing
differentiation in human skin-derived keratinocytes, which to
our knowledge has not previously been reported. Although
we found that irradiation with wavelengths of 412, 419, 426,
or 453 nm at high or very high fluences is cytotoxic for skin
cells in a dose-dependent as well as cell-type-dependent
manner, we observed induction of differentiation in cultured
human keratinocytes after irradiation with nontoxic fluences
of these wavelengths. There are some discrepancies between
the health claims for these lamps and our results, and there is
currently no evidence that the lamps may cause harm to the
users. The discrepancies might be attributable to differences
between the fluences used in our study and those of the
lamps on the market. In addition, most of the lamps purported
to improve health emit a mixture of wavelengths. It may be
that the presence of additional wavelengths somehow
counteracts the observed toxic effects seen in our study.
Such possible interactions of different wavelengths are
currently under investigation.
Despite observations that treatment with He-Ne low-energy
laser light (630 nm) enhances proliferation in certain cell
types (Karu, 1990; Hu et al., 2007), irradiation with
wavelengths above 600 nm did not alter proliferation activity
in our study. This could be due to differences in the
experimental settings and cell types used. These earlier
studies were performed using laser light as a source of
irradiation; this delivers a high energy density with a small
focus, which could result in short-term temperature shifts,
influencing cell physiology. In contrast, the LED arrays used
in our experiments generate no measurable heat in the
samples irradiated and can, owing to a broad beam width,
be used to irradiate large areas homogeneously.
In our analysis, using LED arrays with a distinct wavelength
of up to 453 nm, we observed a reduction of the proliferative
capacity in endothelial cells as well as keratinocytes, which is
consistent with observations from other groups using blue-
light irradiation (Taoufik et al., 2007; Wataha et al., 2008). In
these studies, mitochondria and their porphyrin-containing
enzymes are proposed as acceptors for blue light, which
leads in these models to an energy depletion that interferes
with cell division and therefore proliferation. In contrast to
these studies, we found that cellular ATP content is not
diminished but, rather, significantly elevated after treatment
with blue light of 453 nm wavelength. Corresponding
observations were made by Dungel et al. (2008), who
showed that irradiation with blue light at a wavelength of
approximately 470 nm reactivates the respiration of mito-
chondria after inhibition with NO. Both complexes I and IV
of the respiratory chain are known to be sensitive to NO-
mediated inhibition by S-nitrosation (I) and formation of
NO-hemoglobin complexes (IV), and blue light is capable of
releasing NO from NO-hemoglobin complexes (Mittermayr
et al., 2007). Therefore, the observed increase in ATP levels
after irradiation in our experimental setup appears to be
due to the stimulation of mitochondrial respiration by
releasing NO from complexes I and IV and might be taken
as an additional indication of the denitrosylation action of
blue light.
In our study, the observed reduction in proliferation was
due to an increased differentiation shown for keratinocytes by
the increased expression of the proliferation markers involu-
crin, keratin-1, and keratin-10. Lower, nontoxic fluences of
412–426 nm wavelength mimic the effect seen with 453 nm,
by elevating the expression of the very early differentiation
markers keratin-1 and -10. However, only the nontoxic
fluences of 453 nm significantly induced the slightly later-
occurring differentiation marker involucrin. Our experiments
clearly show that the use of 453 nm wavelength provides a
very broad range of fluences up to 500 J/cm2 for keratinocytes
(data not shown) without toxic effects for the treatment of
different skin conditions. The use of shorter wavelengths
limits the treatment to a highly restricted range of fluences.
In addition, we observed that blue light up to a wavelength
of 453nm eliminates proliferating T lymphocytes with fluences
that are not toxic for keratinocytes and endothelial cells, and
this represents a positive effect for the therapy of conditions
such as psoriasis, as this may eliminate one specific trigger of
hyperproliferation.
Although UVA light is thought to be immunosuppressive
(Kripke, 1984), we found a cell-type-dependent release of
cytokines after UVA exposure. UVA light induces IL-8 release
in endothelial cells, whereas irradiation of keratinocytes with
UVA light reduces IL-8 release below levels of the non-
irradiated control (Figure 7). In contrast to UVA, the other
wavelengths used in our study (412, 419, 426, and 453 nm)
had no influence on the production of the pro-inflammatory
IL-8.
In search of the molecular acceptors inside the cell, we
used oxygen radical scavengers during irradiation, because
blue light has been implicated in the formation of oxygen
radical species. Only NaN3 was capable of reducing the
antiproliferative effect seen with 453-nm irradiation but only
in endothelial cells. This indicates that, at least in part, singlet
oxygen generation is involved in the observed reduction of
proliferation. Keratinocytes did not significantly respond to
pretreatment with NaN3, suggesting that other mechanisms
are involved.
In addition to scavenging singlet oxygen, NaN3 has been
shown to act as an NO donor under certain circumstances,
e.g., in combination with oxygen radical species (Ogino et al.,
2001). Although the conditions used in these experiments
differed greatly from those in ours, this finding nevertheless
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demonstrates that it is possible to generate NO from NaN3,
which may yield nonspecific results. NO is known to act as
a strong mediator in several cellular processes, including
induction of differentiation in keratinocytes (Krischel et al.,
1998). Our study does not provide direct evidence for either
singlet oxygen or NO as a mediator of the observed
differentiation induction, but we did find that blue light with
a wavelength of 453 nm is capable of liberating NO from
nitrosated proteins, as we could show using the model
protein BSA (Figure 10). Indeed, it is well established that
UVA irradiation will induce NO formation via photolytic
cleavage of nitrite as well as nitrosated proteins (Suschek
et al., 2005, 2006); thus, these two classes of molecules
should be regarded as light acceptors and signal transducers
of UVA irradiation. In contrast to UVA irradiation, light with
453 nm wavelength induces liberation of NO only from
nitrosated proteins and not from nitrite. Here, therefore,
nitrosated proteins may be the relevant light acceptors.
Although control samples treated with nitrite alone showed a
slight increase in nitrosation compared with the nitrite-free
control, nitrite treatment in combination with irradiation
showed no further enhancement of nitrosation. This increase
in nitrosation in the nonirradiated samples is probably due to
the instability of aqueous nitrite solutions.
To further discriminate between the effects of the
different radical species, we tried to use the NO scavenger
2-(4-carboxyphenyl)-4,4,5,5-tetramethylimidazoline-1-oxyl-
3-oxide (cPTIO) in our experiments, but this substance has
an absorption maximum in the blue-wavelength range and
is therefore not applicable here.
The data presented in this study are directly relevant for
light therapy in patients with hyperproliferative skin diseases.
We show here that the use of irradiation devices emitting
light with wavelengths between 412 and 453nm leads to an
elevated differentiation in human keratinocytes, a finding
that provides a molecular mechanism for the therapeutic
relevance of these wavelengths. It can be expected that the
use of a distinct wavelength in the treatment of hyperproli-
ferative skin diseases will improve therapeutic efficacy while
minimizing harmful side effects.
MATERIALS AND METHODS
Materials
When not otherwise indicated, chemicals and media were
purchased from Sigma (Deisenhofen, Germany).
Cell culture
Primary human keratinocytes from neonatal foreskin, purchased
from Gibco (Gibco-Invitrogen, Karlsruhe, Germany), were main-
tained in Keratinocyte-SFM medium supplemented with 2.5 mg
rhEGF (Gibco), 25mg bovine pituitary extract (Gibco), 100U/ml
penicillin from PAA (Pasching, Austria), and 100mg/ml streptomycin
(PAA). Cells were cultured in 10-cm dishes and passaged just before
confluence by treatment with 1% Trypsinþ 0.03% EDTA (PAA) in
PBS for 3minutes. Experiments were performed between the third
and sixth passages.
Immortalized skin-derived HMEC-1 were received from the
Centers for Disease Control and Prevention (Atlanta, GA). Cells
were maintained under standard culture conditions in MCDB 131
medium (Gibco) supplemented with 10% FCS (PAA), 100U/ml
penicillin (PAA), and 100 mg/ml streptomycin (PAA).
All cells were kept at 371C in an atmosphere containing
5% CO2.
LED treatment
LED arrays, provided by the Philips Research Institute (Aachen,
Germany), with the following peak wavelengths were used: 412,
419, 426, 453, 632, 648, 850, and 940 nm, each with a bandwidth
of 20–30 nm at 50% power. Power fluences delivered to a platform
30mm under the LED arrays were 412 nm (87mW/cm2), 419 nm
(126mW/cm2), 426 nm (68mW/cm2), 453 nm (66mW/cm2), 632 nm
(38mW/cm2), 648 nm (71mW/cm2), 850 nm (50mW/cm2), and
940nm (32mW/cm2).
Cells were irradiated with different fluences as indicated, at a
distance of 50mm to the LED array. Before irradiation, the cultures
were rinsed twice in PBS and irradiated with the indicated fluences
in PBS to avoid absorption by colored culture medium. All controls
were kept in PBS at room temperature during the experimental
procedure to ensure equal treatment conditions.
UVA source
For UVA irradiation, we used a Sellas 4,000-W mercury arc lamp
unit (Sellas Medizinische Gera¨te, Gevelsberg, Germany) emitting a
UVA spectrum (340–410 nm) with a maximum intensity at 366 nm
(84mW/cm2 at a distance of 250mm).
Growth determination
To measure the effect of LED treatment on proliferation of primary
human keratinocytes and HMEC-1, the Alamar blue assay
(Biosource International, Camarillo, CA) was used. Cells were
seeded on 12-well plates with a density of 2 104 cells/well.
Twenty-four hours later, cells were irradiated with the indicated
doses. This treatment was carried out every 24 hours on 3
successive days. The relative cell number was determined 24 hours
after the last treatment. Cells were incubated with Alamar blue,
diluted 1:20 in cell growth medium, for 2.5 hours. Fluorescence
intensity was measured in 50 ml of supernatants in duplicates for
each individual well at 544 nm excitation and 590 nm emission
using a FLUOstar OPTIMA (BMG Labtech, Offenburg, Germany)
microplate reader.
Detection of apoptosis
Induction of apoptosis was evaluated by microscopic analysis of
the cell morphology and an additional Hoechst/Propidium iodide
staining to visualize apoptotic and necrotic nuclei. Hoechst 33342
(Sigma-Aldrich) was prepared as a 2mM stock solution in water,
and propidium iodide (PI) was prepared as a 1mg/ml stock
solution in PBS. Twenty-fourhours later, irradiated cells were
incubated with 10 mM Hoechst 33342 and 10 mg/ml PI at 371C for
10minutes. Cells were analyzed using a Zeiss Axioplan fluores-
cence microscope (Zeiss, Go¨ttingen, Germany) and scored as late
apoptotic/necrotic when nuclei were brightly stained with PI
(extinction 520 nm; emission 610 nm), as apoptotic when nuclei
were stained brightly with Hoechst dye (extinction 355 nm;
emission 465 nm) without PI staining, and as healthy when faintly
stained with Hoechst dye.
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Western blot analysis
Cells were homogenized in RIPA buffer (50mM Tris, pH7.5, 150mM
NaCl, 5mM EDTA, 1% NP-40), and 10–20 mg of protein lysates were
subjected to 7% denaturing polyacrylamide gel electrophoresis
(Invitrogen) and blotted on a nitrocellulose membrane (Amersham
Biosciences, Buckinghamshire, UK). Full-length and cleaved PARP-1
was detected with polyclonal rabbit anti-human PARP-1 antibody
(Cell Signaling, Danvers, MA), and a monoclonal mouse anti-human
b-actin antibody (Sigma) was used to control equal protein loading.
Proteins were visualized with horseradish peroxidase–conjugated
goat-anti-rabbit IgG or goat-anti-mouse IgG antibody (BD Transduc-
tion Laboratories, Heidelberg, Germany) with the SuperSignal West
Chemiluminescence Substrate system (Pierce, Bonn, Germany).
RNA extraction and reverse transcription
Total RNA was isolated using the RNeasy minikit (Qiagen, Hilden,
Germany) according to the manufacturer’s instructions. For cDNA
synthesis, 1mg of total RNA was reverse transcribed using the
QuantiTect reverse-transcription kit (Qiagen, Hilden, Germany)
according to the manufacturer’s instructions. The reverse-transcription
reaction mixtures were incubated at 421C for 15minutes and at
951C for 3minutes.
Real-time PCR analysis
Quantitative real-time PCR analysis of involucrin and 18S as a
housekeeping gene was performed in an ABI PRISM 7900HT
sequence detection system (Applied Biosystems) using the power
SYBR green PCR master mix (Applied Biosystems) containing
specific primer pairs for the amplification of involucrin (accession
no.: NM_005547; forward primer: 50-TCCTCCAGTCAATACCCAT
CAG-30, reverse primer: 50-GCAGTCATGTGCTTTTCCTCTTG-30),
keratin-1 (accession no.: NM_006121; forward primer: 50-ATATG
GGGGTGGTTATGGTCC-30, reverse primer: 50-GTGACTTGATTT
GCTCCCTTTCT-30), keratin-10 (accession no.: M77663; forward
primer: 50-TTGCTGAACAAAACCGCAAAG-30, reverse primer: 50-
GCCAGTTGGGACTGTAGTTCT-30), and 18S (accession no.:
X03205; forward primer: 50-CAT GGT GAC CAC GGG TGA C-
30, reverse primer: 50-TTC CTT GGA TGT GGT AGC CG-30). The
PCR conditions used were 951C, 15minutes, followed by 40
cycles at 951C for 15 seconds, at 601C for 30 seconds, and at
721C for 30 seconds. A melting curve was performed directly after
amplification.
Intracellular ATP measurement
Intracellular ATP levels were measured using the time-stable ATP
determination kit (Biaffin, Kassel, Germany) according to the
manufacturer’s instructions. This ATP assay is based on the ATP-
dependent oxidation of luciferin by luciferase, generating a
chemiluminescence at 560 nm. Shortly, cells were lysed using a
reporter assay lysis buffer (Roche, Mannheim, Germany), lysates
were centrifuged to remove cell debris, and 50 ml of the supernatants
was used for ATP measurement. Chemiluminescence was recorded
in a FLUOstar OPTIMA (BMG Labtech, Offenburg, Germany)
microplate reader at a wavelength of 560 nm.
Chemiluminescence detection
To evaluate the capacity of the different wavelengths to generate NO
nonenzymatically from nitrosated proteins or from nitrite, we used
commercially available BSA as a model protein. Whole-protein
nitrosation was determined with the triiodide/ozone-based chemi-
luminescence detection assay (88AM; Eco Physics, Duernten,
Switzerland) exactly as previously described (Feelisch et al., 2002;
Rassaf et al., 2002). Shortly thereafter, 2% BSA freshly dissolved in
PBS (pH7.6) was either irradiated with distinct wavelengths or kept
in the dark for the same time interval and then immediately
incubated with 5% acidified sulfanilamide for 15minutes at room
temperature to remove nitrite. Then, 300ml of this solution was
injected in a glass purge vessel containing 35ml of triiodide solution
(45mmol/l potassium iodide and 10mmol/l iodine in glacial acetic
acid) warmed to 601C. Transfer into the analyzer of the NO released
was achieved using nitrogen as a carrier gas. All measurements were
performed in triplicate.
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